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ABSTRACT We report an experimental investigation of two-
particle correlations between neutral atoms in a Hanbury Brown
and Twiss experiment. Both an atom laser beam and a pseudo-
thermal atomic beam are extracted from a Bose–Einstein con-
densate and the atom flux is measured with a single atom
counter. We determine the conditional and the unconditional de-
tection probabilities for the atoms in the beam and find good
agreement with the theoretical predictions.
PACS 03.75.Pp; 05.30.Jp; 07.77.Gx; 42.50.Pq
1 Introduction
Hanbury Brown and Twiss experiments [1] play
a central role in investigating correlations between identical
particles. The underlying idea of these experiments is that in-
tensity fluctuations and their correlations are tightly linked
to the quantum mechanical state of a system. The statistical
properties of a beam of photons or atoms can be accessed in
counting experiments. A famous example of how the statistics
vary for different quantum states of light is the distinct differ-
ence of photon correlations in thermal light beams and laser
beams [2, 3].
For ideal bosonic atoms the same quantum statistical prop-
erties are expected as for the case of photons. First experi-
ments investigating the second-order correlation function of
laser-cooled thermal atoms have already been undertaken
several years ago and the bunching behavior could be ob-
served [4]. The availability of quantum degenerate atomic
gases [5] has added a new dimension, since now even coherent
states of matter can be investigated. Recently, the second-
order correlation function g2(τ) of quantum degenerate atoms
has been observed [6, 7] and the feasibility of studying Han-
bury Brown and Twiss correlations of atoms released from an
optical lattice has been demonstrated [8, 9]. Moreover, atom–
atom correlations have also been observed in the dissociation
process of ultra-cold molecules [10] and density correlations
have been investigated in phase-fluctuating Bose–Einstein
condensates (BECs) [11, 12].
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The second-order temporal correlation function of the sta-
tionary field ψ,
g2(τ) = 〈ψ
†(τ)ψ†(0)ψ(0)ψ(τ)〉
〈ψ†(0)ψ(0)〉2 , (1)
reveals valuable information about the intensity noise and
the two-particle correlations in the sample. In particular, for
an atomic beam released from a Bose–Einstein condensate
the correlation function was found to be equal to unity, re-
vealing the second-order coherence of the atomic beam [6].
Together with the measurement of the first-order coherence
of this beam [13], this showed that atomic beams extracted
from a Bose–Einstein condensate indeed are the matter wave
analogue of an optical laser.
In this paper we discuss the two-particle correlations of
atoms in an atomic beam extracted from a Bose–Einstein con-
densate. We measure the conditional and the unconditional
probabilities for atom detection, which constitutes a comple-
mentary view of two-particle correlations as compared to an
analysis of the second-order correlation function.
2 Experimental setup
Our experimental setup combines the techniques
for the production of atomic Bose–Einstein condensates with
single atom detection by means of an ultra-high-finesse opti-
cal cavity [6, 14]. We collect 109 87Rb atoms in a vapor cell
magneto-optical trap which is loaded from a pulsed dispenser
source. After polarization gradient cooling and optical pump-
ing into the |F = 1, mF = −1〉 hyperfine ground state, we
magnetically transfer the atoms over a distance of 8 cm into
a magnetic Quadrupole Ioffe Configuration (QUIC) trap [15].
In this magnetic trap we perform radio-frequency-induced
evaporative cooling of the atomic cloud and obtain almost
pure Bose–Einstein condensates of 2×106 atoms. After evap-
oration we relax the confinement of the atoms to the final trap-
ping frequencies (ωx, ωy, ωz) = 2π × (39, 7, 29)Hz, where z
denotes the vertical axis.
For output coupling of an atom laser beam, we apply
a weak continuous microwave field to locally spin flip atoms
inside the Bose–Einstein condensate into the |F = 2, mF = 0〉
state. These atoms do not experience the magnetic trapping
potential but are released from the trap and form a well-
collimated beam which propagates downwards due to grav-
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ity [16]. The output coupling is performed near the center of
the Bose condensate for a duration of 500 ms during which we
extract about 3×103 atoms.
Alternatively, we create a beam with pseudo-thermal cor-
relations from a Bose–Einstein condensate. This is in close
analogy to changing the coherence properties of a laser beam
by means of a rotating ground glass disk [2, 17]. Instead of ap-
plying a monochromatic microwave field for output coupling
we use a broadband microwave field. We employ a white-
noise radio-frequency generator in combination with a quartz-
crystal band-pass filter which sets the bandwidth ∆ f of the
noise. The filter operates at a frequency of a few MHz and the
noise signal is subsequently mixed with a fixed-frequency sig-
nal close to the hyperfine transition at 6.8 GHz to match the
output coupling frequency.
After propagating a distance of 36 mm the atoms enter
the ultra-high-finesse optical cavity (see Fig. 1). The cavity
consists of two identical mirrors separated by 178 µm. Their
radius of curvature is 77.5 mm, resulting in a Gaussian TEM00
mode with a waist of w0 = 26 µm. The coupling strength be-
tween a single Rb atom and the cavity field is g0 = 2π ×
10.4 MHz on the F = 2 → F′ = 3 transition of the D2 line.
The cavity has a finesse of 3×105 and the decay rate of
the cavity field is κ = 2π ×1.4 MHz. The spontaneous decay
rate of the atomic dipole moment is γ = 2π ×3 MHz. Since
g0  κ, γ we operate in the strong coupling regime of cav-
ity quantum electrodynamics (QED). The cavity resonance
frequency is stabilized by means of a far-detuned laser with
a wavelength of 830 nm using a Pound–Drever–Hall locking
scheme.
The cavity is probed by a weak, near-resonant laser beam
whose transmission is monitored by a single photon counting
module. We find a shot-noise-limited transmission of pho-
tons through the empty cavity. The presence of an atom inside
the cavity results in a drop of the transmission. The inten-
sity and the frequency of the detection laser are optimized to
yield a maximum detection efficiency for the released atoms
FIGURE 1 Schematic view of the experimental setup. A Bose–Einstein
condensate (BEC) is produced 36 mm above an ultra-high-finesse optical
cavity. Using microwave output coupling we extract an atomic beam from the
condensate, which passes through the cavity. The intensity of a laser beam
probing the cavity is modified by the presence of a single atom inside the
cavity, resulting in the characteristic dips of the cavity transmission
that is (23±5%) [14]. This number is primarily limited by
the size of the atom laser beam, which exceeds the cavity
mode cross section. The atoms enter the cavity with a vel-
ocity of 84 cm/s. The resulting dead time of our detector of
approximately 70 µs is short compared to the time scale of the
correlations, which allows us to perform Hanbury Brown and
Twiss type measurements with a single detector [18].
We record the cavity transmission for the period of atom
laser operation (typically 0.5 s) and average the photon count-
ing data over 20 µs. Using a peak detection routine we deter-
mine the arrival time of atoms in the cavity, requiring that the
cavity transmission drops below the empty cavity value by at
least four times the photon shot noise.
3 Results
We first investigate the distribution function of the
time intervals between successive atom counting events. This
represents a ‘start–stop’ measurement, where a time counter is
triggered by an atom detection event and stopped by the next
detection event [3]. From the histogram of the measured time
intervals, we obtain the conditional probability p(t|t + τ) of
detecting the next atom a time τ later than an initial atom ob-
served at t. These exclusive pair correlations, for which we
restrict ourselves to consecutive atom detection events, are
distinguished from the non-exclusive pair correlations meas-
ured by the second-order correlation function g(2)(τ). There,
the pairwise time differences between all atoms are evaluated.
For an average count rate ν the conditional detection prob-
ability density for a coherent beam is given by [19]
pcoh(0|τ) = ν exp(−ντ) . (2)
In contrast, for a thermal state of bosons one finds [19]
pth(0|τ) = 2ν
(1+ ντ)3 . (3)
For τ = 0 the thermal probability density is twice as large as
the coherent probability density. This reflects the increased
thermal fluctuations and the bunching behavior in pair corre-
lations of bosonic particles.
In Fig. 2 we compare our data with this theory. For the
pseudo-thermal atomic beam we have chosen a bandwidth
of ∆ f = 90 Hz and analyzed time intervals short compared
to the coherence time τc = 1/∆ f = 11 ms. We normalize
the measured probability by the measured count rate νexp =
1.3×103 s−1 and fit the result with the functions given in (2)
and (3), allowing for some overall scaling factor. From the fits
we obtain the average count rates ν = 1.4×103 s−1 and ν =
1.6×103 s−1 for the atom laser beam and the pseudo-thermal
beam, respectively, which compares well with the experimen-
tally determined flux νexp for both cases. For τ = 0 we find
that the data for the atom laser beam exceed p(0|τ)/νexp = 1
by approximately 15%. Similarly, the results for the pseudo-
thermal beam exceed p(0|τ)/νexp = 2 by approximately 30%.
This could be attributed to the dead time of our detector –
which is about 70 µs [6] – during which we cannot detect
a possible consecutive event. We estimate the probability for
a second atom arriving within the dead time of the detec-
tor to be 5% for the atom laser beam and 10% for atoms in
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FIGURE 2 Conditional detection probability p(0|τ). The frequency distri-
bution of the time intervals between two successive atom counts is shown for
the atom laser (squares) and for a pseudo-thermal beam with a bandwidth of
∆ f = 90 Hz (circles). The lines are fits according to (2) and (3)
the pseudo-thermal beam. With this probability a later atom
might falsely be identified as being consecutive to the ini-
tial event, which overestimates the number of time intervals
larger than the detector dead time. Moreover, the experimental
count rate is underestimated by the same factor, also con-
tributing to the enhancement of the data above the theoretical
expectation.
Next, we study the unconditional probability of a single
atom detection event. The unconditional probability assumes
that the timer is started at a randomly chosen time and records
the time to the next atom detection event. For a coherent
beam of atoms the unconditional probability for a detection
event p(t) is equal to the conditional probability investigated
above [19]:
pcoh(τ) = ν exp(−ντ) . (4)
This reflects the absence of any density correlations in a co-
herent atomic beam. For a thermal state one finds
pth(τ) = ν
(1+ ντ)2 , (5)
which for τ = 0 differs from the corresponding conditional
probability by a factor of 2. The physical reason for this differ-
ence lies in the bunching of thermal bosons, which enhances
the detection probability only for two nearby events measured
by the conditional probability. The unconditional probabil-
ity measures a single-particle property and does not reveal
a bunching effect. In Fig. 3 we show our measurements of
the atom detection probability for a randomly chosen initial
start point and find good agreement with the theoretical pre-
diction. Similarly to the results for the conditional probability,
we observe that the experimental data for τ = 0 are larger than
the theoretically expected result of p(τ)/νexp = 1 by the same
relative amount as in Fig. 2. We attribute this again to the dead
time of our detector, as discussed above. The apparently bet-
ter data quality of Fig. 3 as compared to Fig. 2 is due to the
larger number of available time intervals for the unconditional
probability.
FIGURE 3 Unconditional detection probability p(τ). The frequency distri-
bution of the length of the intervals between a randomly chosen start point
and the subsequent atom detection event is shown for the atom laser (squares)
and for a pseudo-thermal beam with a bandwidth of ∆ f = 90 Hz (circles).
The lines are fits according to (4) and (5)
4 Conclusion
We have studied the time interval distribution of
atom detection in an atom laser beam and a pseudo-thermal
atomic beam. We have investigated both the conditional and
the unconditional detection probabilities and found good
agreement with the theoretical predictions. This complements
the measurement of the second-order correlation function of
the atomic beams [6].
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